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“Mar sonoro, mar sem fundo, mar sem fim.  
A tua beleza aumenta quando estamos sós.  
E tão fundo intimamente a tua voz  
Segue o mais secreto bailar do meu sonho.  
Que momentos há em que eu suponho  
Seres um milagre criado só para mim.” 
 
 
“Quando eu morrer  
Voltarei para buscar  
Os instantes que não passei ao pé do mar.” 
 
Sophia de Mello Breyner Andresen
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Abstract 
 
The designation of marine protected areas has become a widespread strategy for 
coastal and marine ecosystems conservation and management. MPA planning and 
management has to be incorporated into a comprehensive framework for the coastal area, 
as its resources are critical to the livelihoods of coastal communities, especially in the 
Western Indian Ocean region. MPA planning and management has to be incorporated 
into a comprehensive strategy for the coastal area. MPAs of the Eastern African coast do 
not fully represent all of the important habitats found in the region’s coastal zone, and 
many of them lack the minimum features needed to ensure effective management. 
However countries in the region recognize the urgent need for better and more effective 
management of the coastal and marine resources. The use of mathematical algorithms 
coupled with geographic information systems provides an explicit and transparent 
mechanism for identifying maps of alternative reserve network scenarios that efficiently 
represent the full range of biodiversity. We explored the utilization of the support decision 
software Marxan, coupled with a developed R-Manifold solution, to produce and evaluate 
several different portfolios, particularly in Mnazi Bay Ruvuma Estuary Marine Park, 
Tanzania. The final reserve system configurations produced to this Marine Park indicate 
that the established Core zones may not be the most important conservation areas for the 
consevation features considered. Moreover the Marxan-R-Manifold solution developed 
showed how versatile and flexible interpretation of Marxan outputs can be, providing 
several levels of relevant information for reserve design configuration. Management 
frameworks and strategies should be improved and based on long-term perspectives, as 
the costal and marine environment is constantly evolving and being altered by human 
activities and as new information arises. The conservation and sustainable development 
of the marine environment is an issue of pressing global concern, and it is urgent to find a 
balance between political and socio-economic issues and ecological and nature 
conservation principles. 
 
 
Keywords: Marine Protected Areas design; East African coast; Systematic reserve 
selection; Marxan; Optimization; Trade-offs; Sustainable development. 
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Existe um consenso generalizado na comunidade científica relativamente à 
necessidade de uma melhor conservação da biodiversidade marinha e costeira. Após a 
Conferência das Nações Unidas para o Ambiente e o Desenvolvimento em 1992 
(Conferência do Rio de Janeiro) e do consequente estabelecimento da Convenção sobre 
a Diversidade Biológica, foram levadas a cabo várias tentativas para a criação de mais 
áreas protegidas marinhas e costeiras em inúmeras partes do mundo. O IV Congresso 
Mundial de Parques Naturais recomendou que 20% das linhas de costa a nível global 
deviam ser incluídos em áreas protegidas até ao ano 2000. A mesma questão foi 
sublinhada na Declaração de Lisboa em 1998, que culminou com o Ano Internacional dos 
Oceanos, e também na Recomendação da II Conferência dos Signatários do Acordo da 
Diversidade Biológica (Mandato de Jacarta). Em 2002 a Cimeira Mundial sobre o 
Desenvolvimento Sustentável de Joanesburgo reforçou estes compromissos e destacou 
os ecossistemas litorais, em particular recifes de coral, florestas de mangal, ervas 
marinhas e praias arenosas, como ecossistemas criticamente ameaçados. Mais 
recentemente, o V Congresso Mundial de Parques Naturais (2003) colocou especial 
enfâse na conectividade de AMP’s, gestão costeira integrada, abordagens bio-regionais e 
conservação transfronteiriça. No entanto, a realidade é que, até ao ano 2003, apenas 
cerca de 1% da linha de costa mundial está integrada em áreas de protecção, 
contrastanto com cerca de 9% de superfície terrestre. 
 
A IUCN definiu em 1988 Área Marinha Protegida como “Qualquer área de terreno 
intertidal ou subtidal, conjuntamente com a água sobrejacente e flora, fauna, 
características históricas e culturais associadas, que foi reservada por lei ou por outro 
meio efectivo para proteger parte ou todo o ambiente reservado” (Resolução 17.38 da 
Assembleia Geral da IUNC, 1988). De acordo com a IUCN, novamente, o objectivo das 
AMP’s é conservar a diversidade e produtividade biológicas dos oceanos, incluindo os 
sistemas ecológicos de suporte da vida. Por outro lado, as Áreas Marinhas Protegidas 
garantem vários bens e serviços às áreas costeiras e marinhas envolventes, como 
consevação da biodiversidade, protecção de habitats críticos, aumento da produtividade 
pesqueira, aumento do conhecimento sobre o ambiente marinho, refúgio e protecção da 
diversidade genética e protecção da herança cultural e patrimonial. A implementação de 
AMPs é uma estratégia cada vez mais evocada para a conservação do meio marinho e 
para a gestão sustentada de uso dos recursos. A escala dos benefícios que advêm das 
AMP’s depende da sua localização, design, dimensão e das interacções com outras 
formas de gestão. As redes de AMP’s amplificam os benefícios das reservas individuais e 
garantem a protecção dos processos de larga escala, como conectividade, fluxo de 
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genes e variação genética. Assim, idealmente uma AMP deve fazer parte de uma rede de 
áreas protegidas que integre o movimento das espécies, dispersão larvar, troca de 
nutrientes e de outras matérias entre os ecossistemas. 
 
 A visão de uma Gestão Costeira Integrada reconhece as inter-relações existentes 
entre os usos costeiros e marinhos e os ambientes que estes podem potencialmente 
afectar, estando vocacionada para ultrapassar a fragmentação inerente a uma 
abordagem sectorial da zona costeira. As Áreas Marinhas Protegidas, e 
preferencialmente sistemas ou redes de AMP’s, são componentes essenciais de 
programas de Gestão Costeira Integrada, uma vez que garantem a protecção da 
biodiversidade e dos processos ecológicos dos quais também depende o uso humano 
dos recursos costeiros, constituindo assim um contributo chave para o desenvolvimento 
sustentável e potenciais benefícios económicos. A ausência de uma gestão integrada das 
zonas costeiras é um dos principais problemas na maioria dos países e para a maior 
parte das AMP’s. Assim, o estabelecimento e gestão bem sucedidos de Áreas Marinhas 
Protegidas dependem da existência de uma abordagem de gestão de recursos, de 
conservação e de desenvolvimento sustentável. O zonamento é uma ferramenta 
fundamental na gestão de AMP’s multi-usos, excluindo ou regulamentando certas 
actividades e permitindo que determinadas áreas sejam reservadas para a protecção de 
habitats, áreas de nursery ou de reprodução, investigação e educação, pesca e turismo, 
o que contribui para reduzir ou eliminar potencias conflitos entre os diferentes grupos de 
interesse envolvidos.  
 
Do ponto de vista da conservação da natureza, seria de esperar que se tentasse 
definir o maior sistema de reservas possível. No entanto, a dimensão de qualquer 
sistema de reservas vai ser limitado por constrangimentos sociais e económicos, pelo 
que é necessário seleccionar o mais eficientemente possível de entre os locais 
disponíveis, isto é minimizando o “custo” do sistema de reservas para atingir 
determinados objectivos de biodiversidade. A designação de reservas marinhas tem 
ocorrido primariamente ad hoc e direccionada pela oportunidade e não por objectivos 
estratégicos ou abordagens sistemáticas; esta última abordagem será sempre preferível 
à opção ad hoc, uma vez que maximiza as possibilidades de criar sistemas de reservas 
marinhas representativos, garantindo um processo transparente e defensível e permitindo 
uma utilização mais eficiente dos recursos disponíveis. Por outro lado, até agora os 
factores sócio-económicos têm sido utilizados como um filtro post hoc das áreas 
seleccionadas considerando apenas aspectos biológicos e considerações sobre o design 
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das reservas marinhas, em vez de serem incluídos no próprio processo de definição do 
sistema. O uso de algoritmos matemáticos, conjugado com Sistemas de Informação 
Geográfica, constitui um mecanismo explícito e transparente para a identificação de 
mapas espacialmente explícitos de cenários de reservas marinhas alternativos; estes 
métodos garantem ainda um nível de flexibilidade de design de reservas, que nao pode 
ser obtido exclusivamente com base em conhecimento de expertise. 
 
 Na região Oeste do Oceano Índico existem mais de setenta reservas marinhas de 
vários tipos; no entanto, estas AMP’s não representam por completo a diversidade de 
habitats existentes na costa Leste Africana, caracterizada por florestas de mangal, recifes 
de coral, ervas marinhas, grandes estuários, praias arenosas, falésias e plataformas 
vasosas intertidais. Estes ecossistemas são altamente produtivos e fornecem importantes 
recursos biológicos e económicos, mas encontram-se sujeitos a crescentes ameaças 
naturais e decorrentes das actividades antropogénicas. A maior parte das AMP’s desta 
região apresenta objectivos relacionados com questões sociais, culturais e económicas, 
nomeadamente no sentido de melhorar as formas de subsistência das populações e de 
contribuir para a economia nacional, mas também relacionados com a promoção do 
turismo. No entanto, a maioria das AMP’s não apresenta as ferramentas básicas para 
assegurar uma gestão eficiente dos recursos. Apesar disso, os vários países reconhecem 
a necessidade premente de melhores e mais eficazes formas de gestão, para melhorar a 
qualidade de vida das populações, promover as economias nacionais e manter a 
produtividade e diversidade destes ecossistemas. 
 
O trabalho desenvolvido nesta tese de Mestrado esteve integrado no projecto 
TRANSMAP1 - Transboundary networks of marine protected areas for integrated 
conservation and sustainable development: biophysical, socio-economic and governance 
assessment in East Africa, cujo objectivo global é reunir o conhecimento científico para a 
criação das referidas redes de Áreas Marinhas Protegidas, em particular considerando o 
tipo, dimensão e localização das reservas, que em conjunto serão capazes de manter as 
funções ecológicas, o uso dos recursos e os futuros desenvolvimentos sócio-económicos. 
1 INCO-CT-2004-510862, Projecto financiado pela Comissão Europeia através do Sexto Programa 
Quadro de Investigação e Desenvolvimento Tecnológico (FP6) (www.transmap.fc.ul.pt). 
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O projecto pretendia desenvolver conhecimento multi- e inter-disciplinar para a 
criação de áreas transfronteiriças de conservação marinha e costeira na costa Leste 
Africana, pretendendo integrar as dimensões de sócio-economia e de governança numa 
análise multi-critério, a fim de incorporar múltiplos objectivos para uma base de gestão 
integrada. Esta visão integrante vai de encontro às recomendações relacionadas com a 
Conservação e Gestão dos Ecossistemas Costeiros e Marinhos, que preconizam uma 
perspectiva de Gestão Integrada dos vários níveis de interesse, com vista à 
implementação do conceito de desenvolvimento sustentável. 
 
 A publicação científica apresentada tem um âmbito geográfico mais restrito, 
incidindo numa área protegida já existente, Mnazi Bay Ruvuma Estuary Marine Park 
(MBREMP), no Sul da Tanzânia. Apesar de ser uma AMP já implementada, com um 
Plano Geral de Gestão aprovado (2005) e com um esquema de zonamento já 
estabelecido, existem ainda algumas questões referentes à sua configuração e persistem 
também vários conflitos com as comunidades locais; por outro lado, o esquema de 
zonamento foi delineado numa base experimental. Foi explorada a utilização do software 
auxiliar no design de reservas Marxan (Ball e Possingham, 2000), através de uma nova 
interface desenvolvida com o software estatístico R (R Development Core Team, 2008) e 
com o Sistema de Informação Geográfica Manifold (Manifold GIS, 2008), para a criação 
de vários portfólios diferentes para MBREMP, comparando o cenário político e sócio-
económico estabelecido com um cenário matemático sistemático, e analizando os 
potencias conflitos existentes, bem como as diferenças espaciais e ecológicas entre 
ambos, com vista a avaliar a eficiência do actual zonamento. 
 
 
 
 
 
Palavras-chave: Design de Áreas Marinhas Protegidas; Costa Leste Africana; Selecção 
sistemática de reservas; Marxan; Optimização; Compromisso; Desenvolvimento 
sustentável. 
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There is general consensus among the scientific community regarding the need for 
better conservation of marine and coastal biodiversity. After the UN Conference on 
Environment and Development in 1992 (the Rio Conference) and the subsequent 
establishment of the Convention on Biodiversity, attempts were made in many parts of the 
world to create more protected areas in marine and coastal regions. The 4th World Natural 
Parks Congress recommended that 20% of the world’s coastlines should be included in 
protected areas by the year 2000. The issue was highlighted in the Lisbon Declaration in 
1998, which ended the International Year of the Oceans, and the Recommendation of the 
2nd Conference of the Signatories of the Biological Diversity Agreement (1998 Jakarta 
Mandate). The 2002 Johannesburg World Summit for Sustainable Development 
reinforced these commitments and highlighted littoral ecosystems, in particular coral reefs, 
mangroves, seagrasses and sandy beaches, as critically threatened environments. In July 
1998, the Pan-African Conference on Sustainable Integrated Coastal Management 
(PACSICOM) held in Mozambique also pointed out the need for Integrated Coastal Zone 
Management. Nevertheless, in the year 2003, the reality is that little more than 1% of the 
world’s coastline is protected within reserves compared with nearly 9% of the land 
surface. 
 
Since the 4th World Natural Parks Congress (1992) increasing emphasis has been 
given to (Kelleher, 1999): 
? Bioregional planning, as an integrated approach to link protected area 
management to the use of land and water in the surrounding landscape; 
? Co-management, which encourages good relations with the local 
community and their active involvement in the planning and management of the area; 
? The changing structure of management. The trend has been for more 
private sector, local community, indigenous peoples and NGO involvement in the 
management of protected areas; 
? Financial sustainability, as protected areas should be more financially self-
sustaining, by generating their own income; 
? The use of protected area models in which people work and live, as a way 
of combining conservation of biodiversity with continuation of local livelihoods and 
services. 
 
More recently, in the 5th IUCN World Parks Congress, held in Durban in 2003, 
special emphasis was placed on linkages for MPAs, integrated coastal management, 
bioregional approaches and transboundary conservation. Furthermore particular 
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importance was focused on improving MPA management effectiveness to protect 
biodiversity and increase the low of benefits to communities, strengthening MPAs to 
enhance living marine resources and maintain ecosystem function, building resilient MPA 
networks, integrating MPAs in marine and coastal governance and expanding MPAs in 
the high seas and exclusive economic zones. Within this Congress the Recommendation 
5.22 urges the international community to establish by 2012 a global system of effectively 
managed, representative networks of Marine and Coastal Protected Areas, consistent 
with international law and based on scientific information that greatly increases the marine 
and coastal area managed in MPAs, includes strictly protected areas that amount to at 
least 20-30% of each habitat, is designed to be resilient, integrates MPAs with other 
ocean, coastal, and land governance policies, engages stakeholders in MPA design, 
planning, management, and benefit sharing, implements best available, science-based 
measures consistent with international law, builds the best available science on 
connectivity into MPA network design, and sets performance objectives to meet fisheries, 
biodiversity, habitat stabilization and societal needs. Also it focuses on the implementation 
of an ecosystem approach to sustainable fisheries management and marine biodiversity 
conservation through the recognition of MPA networks as an integral component in 
sustainable fisheries management, and the designation of MPAs as a strategy for 
recovery of depleted fish stocks, reduction of coastal pollution, and conservation and 
restoration of biodiversity (IISD, 2003). 
 
IUCN has defined a Marine Protected Area as “Any area of intertidal or subtidal 
terrain, together with its overlying water and associated flora, fauna, historical and cultural 
features, which has been reserved by law or other effective means to protect part or all of 
the enclosed environment” (Resolution 17.38 of the IUCN General Assembly, 1988). As 
stated by IUCN also, the goal of Marine Protected Areas is to conserve the biological 
diversity and productivity of the oceans, including ecological life support systems. Marine 
reserves may provide multiple benefits including conservation of biodiversity, especially 
critical habitats of threatened species, protection of attractive habitats and species on 
which sustainable tourism can be based, increased productivity of fisheries (insurance 
against stock collapse, buffer against recruitment failure, increase in densities and 
average sizes of individuals, increase in reproductive output, provide centres for dispersal 
of propagules and adults (spillover), contain more natural species composition, age 
structure, spawning potential and genetic variability), contribute to increased knowledge of 
marine science, a refuge for intensely exploited species, protection of genetic diversity of 
heavily exploited populations, protection of cultural diversity (Kelleher, 1999). The 
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implementation of Marine Protected Areas is an emerging strategy for the marine 
environment conservation and for the sustainable management of its uses (Lubchenco et 
al., 2003). 
 
An MPA network can be defined as “A collection of individual marine protected 
areas operating cooperatively and synergistically, at various spatial scales, and with a 
range of protection levels, in order to fulfil ecological aims more effectively and 
comprehensively than individual sites could alone. The network will also display social and 
economic benefits, though the latter may only become fully developed over long time 
frames as ecosystems recover” (IUCN, 2007). Areas with full protection – that is, areas 
where no extractive activities such as fishing or the removal of resources are permitted – 
should be part of every network.These areas act as standards for assessing the state of 
the environment and the success of management regimes; they also contribute 
significantly to the recovery and protection of marine ecosystems. 
 
IUCN (2007) has pointed eight criteria to identify the ecological considerations that 
are essencial in MPA networks design: 
? Representativeness - MPA networks should represent the range of marine 
and coastal biological diversity (from genes to ecosystems) and the associated physical 
environment within the given area; 
? Replication - all habitats in each region should be replicated within the 
network and distributed spatially throughout the network; 
? Viability - MPA networks should incorporate selfsustaining, geographically 
dispersed component sites of sufficient extent to ensure population persistence through 
natural cycles of variation.These sites should be independent of activities in surrounding 
areas; 
? Precautionary design - network designers should base their decisions on 
the best information currently available, rather than delaying the process to await more 
and better information. Where information is limited, designers should adopt a 
precautionary approach; 
? Permanence - network design must provide longterm protection to 
effectively conserve diversity and replenish resources; 
? Maximum connectivity - MPA network design should seek to maximize and 
enhance the linkages among individual MPAs, groups of MPAs within a given ecoregion, 
or networks in the same and/or different regions; 
15 
 
? Resilience - MPA networks must be designed to maintain ecosystems’ 
natural states and to absorb shocks, particularly in the face of large-scale and long-term 
changes, such as climate change; 
? Size and shape - individual MPA units within the network must be of 
sufficient size to minimize adverse impacts from activities outside the protected area 
(avoiding what is called the “edge effect”). 
The scale of benefits derived from individual MPAs will depend on their location, 
design, size, and relationship to other forms of management. MPA networks magnify the 
benefits of individual sites and protect the large-scale processes that maintain healthy 
populations, such as connectivity, gene flow and genetic variation. 
 
All MPA networks have four key features that play essential roles in their 
functioning: (1) the span of the network (the length of coastline or area of habitat between 
the most distant protected units), (2) the size and shape of individual reserve units, (3) 
their number, and (4) their placement. Together these features determine other critical 
network characteristics like the amount of area dedicated to protection and connectivity 
among reserve units (Lubchenco et al., 2003). 
 
Connection with other MPAs and other ecologically important areas should be 
considered. An MPA ideally needs to be part of a network of protected areas that takes 
account of the movements of species, dispersal of larvae, and exchange of nutrients and 
other matter between ecosystems (IUCN, 2004). MPAs will be most effective when 
connected into networks or systems of protected areas through ecological corridors and 
incorporated into an integrated approach. If managed in isolation, individual MPAs will 
remain vulnerable to natural resource development and exploitation occurring outside, in 
particular overfishing, alteration and destruction of habitats, and water pollution. 
Therefore, protection of coastal and marine areas needs to be integrated into spatial 
development strategies for larger areas (Cicin-Sain & Belfiore, 2005). 
 
Marine Protected Areas are profoundly affected by the larger ecological, social, 
economic, and political context of the coastal and ocean areas of which they are a part 
(Cicin-Sain & Belfiore, 2005). Public participation and political support are inter-related 
and are critical to achieving significant and lasting marine conservation outcomes and 
monitoring and assessment allow managers to determine whether progress is being made 
towards Marine Protected Areas objectives and goals. 
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MPA planning and management has to be incorporated into a comprehensive 
strategy for the coastal area, taking into account the ecological, biological, socioeconomic, 
and governance linkages between different portions of the coastal area, encompassing 
adjacent watersheds and offshore ocean areas (Cicin-Sain & Belfiore, 2005). 
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Integrated Coastal Management 
 
Marine Protected Areas provide the broader coastal and marine areas with a 
number of goods and services, including conservation of biodiversity, protection of critical 
habitats, increased productivity of fisheries through stock regeneration, increased 
knowledge of the marine environment, a refuge for, and protection of, genetic diversity, 
and protection of cultural heritage and diversity. Understanding ecological, 
socioeconomic, cultural and institutional connectivity of MPAs and MPA networks to the 
broader coastal and marine areas is essential to the credibility, support and success of 
MPAs and of Integrated Coastal Management (Cicin-Sain & Belfiore, 2005). 
 
The overall framework within which MPAs are established and managed is 
provided by international law, in the form of multi-lateral treaties, including the UN 
Convention on the Law of the Sea which gives coastal states jurisdiction over their inland 
waters, territorial seas and Exclusive Economic Zone (EEZ), the Convention on Biological 
Diversity, which requires that signatory states or ‘Parties’ establish protected areas, and 
regionally Nairobi Convention, which requires that signatory states in the Western Indian 
Ocean establish MPAs (IUCN, 2004). 
 
A reserve planning framework must be prepared to address the crucial political, 
social and economic characteristics (Stewart & Possingham, 2005). So, the successful 
establishment and management of MPAs depend upon an existing overall framework for 
resource management, conservation and sustainable use (Kelleher, 1999). It is essential 
to integrate horizontally (cross-sectoral harmonisation of policy and practice) and vertically 
(scales of governance, from local to international). Lack of integrated coastal management 
is a major problem in most countries and for most MPAs (Kelleher, 1999). The design and 
implementation of comprehensive, representative, and adequate reserve networks is the 
great challenge for marine policy and resource management (Lubchenco et al., 2003). 
 
Integrated Coastal Management (ICM) can be defined as ‘‘a continuous and 
dynamic process by which decisions are taken for the sustainable use, development, and 
protection of coastal and marine areas and resources’’ (Cicin-Sain & Knecht, 1998). The 
goals of ICM are to attain sustainable development of coastal and marine areas, to reduce 
vulnerability of coastal areas and their inhabitants to natural hazards, and to maintain 
essential ecological processes, life support systems and biological diversity in coastal and 
marine areas (Cicin-Sain & Belfiore, 2005). ICM acknowledges the interrelationships that 
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exist among coastal and ocean uses and the environments they potentially affect, and is 
designed to overcome the fragmentation inherent in the sectoral management approach 
(Cicin-Sain & Knecht, 1998). All of the major agreements derived from the 1992 UN 
Conference on Environment and Development have endorsed the application of the ICM 
approach, and there has been a significant increase in the number of countries adopting 
ICM programs (Cicin-Sain & Belfiore, 2005). 
 
MPAs, and preferably national MPA systems or networks, are essential 
components of ICM programmes because they protect the biodiversity and ecological 
processes on which human use of the coastal zone depends. Thus they can be a major 
contributor to sustainable development and have an economic benefit. MPA management 
must also be coordinated and integrated with management activities outside its 
boundaries and linked to development programmes that address the needs of local 
human communities (IUCN, 2004). Marine conservation and biodiversity concerns, as well 
as environmental goods and services, should be integrated into larger coastal and marine 
management issues. MPAs can effectively contribute to the sustainable development of 
coastal and marine areas and their interests should be fully incorporated into the 
institutional, legal and management arrangements for coastal and ocean management 
(Cicin-Sain & Belfiore, 2005). 
 
MPAs are also affected by human activities that lie outside their boundaries, 
ranging from marine transportation and fishing to land-based sources of marine pollution, 
e.g. agriculture, urban runoff, and industry. Moreover, fragmentation of jurisdictional, 
institutional, and legislative frameworks is one of the primary obstacles to the effective 
implementation of MPAs and Integrated Coastal Management (Cicin-Sain & Belfiore, 
2005). Zoning is a key management tool for multiple-use MPAs as it allows areas to be 
set aside for particular activities such as protection of key habitats, nursery areas or 
breeding sites, research, education, anchoring, fishing and tourism, and helps to reduce 
or eliminate potential conflicts between different users of the MPA (IUCN, 2004). Most of 
the MPAs in the Western Indian Ocean region do not have buffer zones, though these 
zones would be important in providing adequate cushioning from impact of activities 
taking place outside the protected area. Most of the zonation schemes have been 
developed after the establishment of the MPA, resulting in a number of conflicts between 
the park management and local stakeholders, particularly fishermen (Francis et al., 2002). 
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If the original designation of Marine Protected Areas was driven by socio-economic 
or political factors key ecological sites may lie outside the boundaries of the MPA but it 
may be feasible to change this with relatively minor alterations. It is essential to include 
within the boundaries ecosystems that can withstand damaging impacts and areas of high 
biodiversity that have been degraded, to enable them to recover. For example, coral reefs 
known to be particularly resistant or resilient to bleaching should be included wherever 
possible and given high protection under any zoning scheme (IUCN, 2004). 
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Biogeographical and regional framework 
 
Marine protected areas have been established throughout the world for a variety of 
purposes such as conservation, tourism and education, and in the Western Indian Ocean 
there are more than 70 individual sites (nationally and internationally designated), over 
which some form of management exists (IUCN, 2004). However the MPAs of Eastern 
Africa do not fully represent all of the important habitats found in the region’s coastal zone 
(Francis et al., 2002). 
 
The marine environment of the eastern African region is characterized by a mosaic 
of mangrove, coral reefs, seagrass beds, major estuaries, sandy beaches, cliffs and 
muddy tidal flats. These coastal ecosystems are highly productive and provide important 
biological and economical resources, critical sources of livelihood for local communities. 
However, the coastal and marine environment is increasingly subjected to a wide range of 
natural and anthropogenic disturbances, exacerbated by widespread poverty and rapidly 
increasing coastal populations (Francis et al., 2002). 
 
On a regional level, MPAs could be conceived as a network or system rather than 
isolated efforts. A bio-regional approach can prove to be useful in the assessment and 
selection of candidate sites to be part of a regional system of representative MPAs and to 
optimize benefits arising from the conservation of biodiversity (Cicin-Sain & Belfiore, 
2005). Regional cooperation has generally been strong in the Western Indian Ocean 
region and this has led to the sharing of expertise, experiences and information among 
countries (Francis et al., 2002). Ecosystems, habitats and species seldom correspond to 
political or jurisdictional boundaries. Therefore, they require cooperative management 
among regions, nations and jurisdictions. 
 
Many of the MPAs in eastern Africa lack the minimum features needed to ensure 
effective management and also clear plans on how to reach their objectives (Francis et 
al., 2002). Countries in the region recognize the urgent need for better and more effective 
management of the coastal and marine resources to improve the quality of life of the 
people, sustain national economies, and maintain the productivity and diversity of these 
ecosystems for the future (Francis et al., 2002). 
Policies for the conservation of natural and cultural heritage must be balanced with 
developmental policies, so as not to limit socioeconomic benefits and modernization 
opportunities (Cicin-Sain & Belfiore, 2005). Most MPAs in the Western Indian Ocean have 
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objectives that relate to social, cultural and economic issues, particularly in terms of 
improving livelihoods of local communities and providing economic benefits nationally. 
Socio-economic monitoring should be carried out in parallel with ecological monitoring 
because of the close links between the environment and its users. Additionally, many 
MPAs in this region have the promotion of tourism and recreation as an objective and thus 
need a clear policy on the type of tourism and number of visitors to be encouraged. A plan 
for preventing and mitigating adverse impacts, whether these originate inside or outside 
the boundaries, is also required (IUCN, 2004). 
 
Recently, new knowledge concerning the effectiveness of MPAs is being debated 
and tested within the scientific community. In the Eastern African region, several 
generations of marine reserves have been created. The Watamu and Malindi Marine 
National Parks of Kenya and the Shell Reserves in Seychelles were created within the 
first generation of MPAs with the specific purpose of protecting unique habitats or 
biological communities. The second generation of MPAs consists of large, multiple use 
MPAs, such as the Mafia Island Marine Park (Tanzania) and the Kiunga National Marine 
Reserve (Kenya). The third generation of MPAs are those managed by private companies 
or nongovernmental organizations with the agreement of the respective governments, like 
the Cousin Island Special Reserve of Seychelles managed by the NGO Nature Seychelles 
and the Chumbe Island Coral Park of Zanzibar, a private nature reserve developed and 
managed by the Chumbe Island Coral Park Ltd. Finally, a fourth generation of MPAs is 
emerging, as costal populations become more aware of the value of coastal resources; 
thus community-based MPAs have been established, such as the Moheli Marine Park, in 
Comoros, and the Nosy Atafana Marine Park in Madagascar (Francis et al., 2002). 
 
In order to address the often inadequate capacity of management agencies, the 
current global priority is to establish MPAs that are co-managed by management 
authorities in conjunction with local communities that are the primary resource users and 
traditional stewards of the coastal and marine environments. 
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Systematic conservation planning 
 
Systematic conservation planning is widely considered 'best practice' in 
conservation because it facilitates a transparent, inclusive and defensible decision making 
process. Transparency refers to how well people understand the decision-making 
procedures and output products. A highly transparent planning process will tend to 
increase the accountability and credibility of conservation planning and decision-making. 
Inclusive planning processes aim to incorporate information and values from stakeholders 
to reduce conflicts amongst interests. This results in stronger, more widely accepted 
decisions. Defensibility is derived from the ability of systematic plans to explicitly consider 
how well a particular selection of reserves meets its objectives, and the validity of the 
reasoning used to get there (Game & Grantham, 2008). 
 
The use of mathematical siting algorithms coupled with geographic information 
systems provides an explicit and transparent mechanism for identifying spatially explicit 
maps of alternative reserve network scenarios that efficiently represent the full range of 
biodiversity that is characteristic to a region. Such methods provide a level of design 
flexibility that cannot be obtained through exclusively expert-opinion driven approaches 
(Lubchenco et al., 2003). The development of systematic reserve selection techniques 
has improved the objectivity, cost effectiveness, transparency, and replicability of the 
planning process through the use of algorithms that aim to meet quantifiable conservation 
objectives (Margules & Pressey, 2000). 
 
The methods used to select MPAs are based on the most recent mathematical 
algorithms, mainly by applying the support decision software Marxan (Ball & Possingham, 
2000) that delivers decision support for reserve system design (Game & Grantham, 2008). 
Marxan can conciliate the systematic functions of Simulated Annealing and the 
improvements of heuristic and iterative approaches. Simulated annealing is based on 
iterative improvement with stochastic acceptance of bad moves to help avoiding being 
prematurely hindered in a local minima (Ball & Possingham, 2000) based on the process 
of annealing metals or glass (Kirkpatrick et al., 1983), and consistently has outperformed 
simpler iterative or heuristic algorithms, such as the greedy and rarity-based selection 
algorithms (Possingham et al., 2000; McDonnell et al., 2002; Leslie et al., 2003; Stewart et 
al. 2003). 
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Thus, Marxan can support broad, multi-objective decision-making and has the 
computational capacity to solve complex reserve design problems involving large amounts 
of data in a timely manner. One of the most significant benefits of Marxan is its ability to 
generate reserve configurations that meet stated conservation targets and in doing so find 
multiple near optimal solutions to these problems. Using Marxan enhances the rigor, 
transparency and repeatability of processes that are inherently complex and potentially 
subjective and enables the production of spatially efficient reserve network options that 
meet explicit representation and economic targets; also it ensures that targets for 
conservation features are met for a minimum “cost” – monetary, area or other socio-
economic factors (Ardron et al., 2008). 
 
Although it has undeniable advantages, Marxan also presents some analytical and 
operational limitations (Ardron et al., 2008) as well as philosophical limitations of reserve 
design software (Game & Grantham, 2008). It is unable to easily integrate stochastic or 
temporally dynamic data; data used in Marxan represents either a snapshot in time or an 
aggregation of various such snapshots. On the other hand, Marxan can only employ a 
single “cost” surface. Moreover Marxan can simply deal with binary problems (a planning 
unit is either in or out of the reserve). Furthermore the quality of solutions is a reflection of 
the quality of data that are used and preparing datasets and Marxan input files, as well as 
learning its proper use, is time consuming (Ardron et al., 2008). Many of the parameters 
will require a lot of experimentation before we can expect Marxan to deliver reasonable 
solutions; each parameter should ideally be set in a stepwise and systematic manner. 
However, this can be challenging as parameters are not independent of each other. 
Although the solutions that Marxan generates are commonly displayed graphically, 
Marxan will not actually generate maps. The user must combine information from Marxan 
output files with the planning unit details displayed within a GIS (Game & Grantham, 
2008). Thus, to effectively use Marxan requires conceptual and methodological 
understanding of both Marxan and GIS (Ardron et al., 2008). Marxan operates as part of a 
planning process and is not designed to act as a stand-alone reserve design solution. Its 
effectiveness is dependent upon the involvement of people, the adoption of sound 
ecological principles, the establishment of scientifically defensible conservation goals and 
targets and the development and inclusion of quality spatial datasets. Marxan should be 
used as part of a systematic conservation planning process and in collaboration with other 
forms of knowledge (Game & Grantham, 2008). 
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Work context 
 
The work developed under this Master Degree thesis was integrated in 
TRANSMAP1 project - Transboundary networks of marine protected areas for integrated 
conservation and sustainable development: biophysical, socio-economic and governance 
assessment in East Africa (www.transmap.fc.ul.pt) (Figure 1). TRANSMAP intended to 
develop a multi- and interdisciplinary knowledge basis for creating marine and coastal 
transboundary conservation areas in East Africa. It further investigated opportunities for 
creating networks of MPAs based on updated methods of biophysical decision support on 
size, location and replication of individual units, and harmonising different national 
frameworks into common conservation and resource-use practice goals. TRANSMAP 
aimed to develop scientific knowledge for the creation of transboundary networks of MPAs 
in the East African region, in particular relating to type, size and location of reserves, 
which together can maintain ecological functions, resource-uses and future socio-
economic developments. The research in this project enhanced the possibility of the use 
of an ecosystem-based approach to management. It used and developed most up to date 
methods for systematic selection of MPAs, merging a basic holistic approach with 
heuristic and iterative improvements of socio-political constraints. 
 
Mathematical algorithms have rarely been used in the marine context (Ward et al., 
1999), and the TRANSMAP project tested their use for the establishment of reserve 
networks in East Africa. Successful pilot studies have been developed in Australia and the 
USA, but its application to the socio-economic and governance frameworks of less 
developed countries remained a challenge. 
 
Although the potential benefits of establishing a network of MPAs in this region are 
great, the effectiveness of this network relies on the strategic location of individual 
reserves in order to ensure that replicate representative samples of the biodiversity of the 
region are protected, that the migration and dispersal patterns of different organisms is 
maintained, and that the communication of biological materials between habitats is 
preserved. 
 
 
 
1 INCO-CT-2004-510862, Project funded by the European Commission within the Sixth Framework 
Programme for Research and Technological Development (6th FP). 
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Figure 1 – TRANSMAP project geographical range. The figure shows both transboundary areas 
focused in TRANSMAP: Northern area, between Tanzania and Mozambique, and Southern area, 
between Mozambique and South Africa. 
 
 
The establishment of better functioning MPAs in Eastern Africa would be of 
importance not only for the countries in the region but also for other parts of Africa and 
other developing countries globally. The resulting networks of MPAs in the Eastern African 
region, as derived from the research performed under TRANSMAP, may serve as a model 
for other regions that are also striving to balance the protection of biodiversity with the 
needs of human development. 
 
 The scientific paper presented as a narrower geographical scope, focusing on the 
existing Mnazi Bay Ruvuma Estuary Marine Park, South Tanzania, a multi-purpose 
marine protected area with globally significant marine biodiversity values, gazetted in 
2000, and aimed to assess the efficiency of the established zoning plan and to provide a 
systematic scientific approach to this issue, assessing eventual spatial and ecological 
differences between these two scenarios. 
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Abstract 
 
The designation of marine protected areas has been a widespread strategy for 
coastal and marine ecosystems conservation and management. MPA planning and 
management has to be incorporated into a comprehensive framework for the coastal area, 
as its resources are critical to the livelihoods of coastal communities, especially in the 
Western Indian Ocean region. Mnazi Bay Ruvuma Estuary Marine Park (Tanzania) is a 
multi-purpose marine protected area with globally significant marine biodiversity values, 
with an established zoning scheme, but no systematic scientific approach has been 
undertaken to assess if its goals are being attained with current zoning. We explored the 
utilization of Marxan, by scripting specific functions, to evaluate the efficiency of the 
established zonation scheme and to assess eventual spatial and ecological differences 
between the two approaches. Several different reserve configurations were produced 
including biophysical and socioeconomic data, varying the input parameters automatically 
and displaying Marxan outputs graphically and spatially, using the statistical-GIS solution 
developed. For the considered set of conservation features, the established Core zones 
may not be the most important conservation areas within the Park, and important fishing 
areas also hold high conservation potential. In terms of Marxan outputs, the summed 
solution output can provide important additional information, and planning units selected 
over 50% of selection frequency are sufficeint to achieve global pre-set targets. As the 
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zonation scheme was established on an experimental basis, we emphasize that a further 
more detailed evaluation should be performed, in order to adjust or modify existing 
zonation plan. 
 
Keywords: MPA design; East Africa; systematic reserve selection; Marxan; optimization; 
efficiency. 
 
 
 
Introduction 
 
The implementation of Marine Protected Areas (MPAs) has been an emerging 
strategy for the marine environment conservation and for the sustainable management of 
its uses (Lubchenco et al., 2003). The designation of marine reserves has primarily been 
ad hoc, being driven by opportunity rather than strategic objectives and systematic 
approaches; the latter is always preferable to an ad hoc approach, as it maximizes the 
chances of creating representative networks, making the most efficient use of available 
resources and ensuring a transparent and defensible process (Margules and Pressey, 
2000; Leslie et al. 2003). From nature’s conservation point of view the largest reserve 
system possible would be the best solution; however social and economic constraints will 
limit the extent of any reserve system, and so it is essential to select as efficiently as 
possible from the available sites (Possingham et al., 2000), this means minimizing the 
“cost” of the reserve system that meets certain biodiversity goals (McDonnell et al., 2002). 
MPA planning and management has to be incorporated into a comprehensive strategy for 
the coastal area, considering the ecological, biological, socioeconomic, and governance 
issues (Cicin-Sain and Belfiore, 2005). Thus, a reserve planning framework must be 
prepared to address the crucial political, social and economic constraints (Stewart and 
Possingham, 2005). On the other hand, systematic conservation planning is broadly 
considered 'best practice' as it facilitates a transparent, inclusive and defensible decision 
making process (Game and Grantham, 2008). 
 
The goal of MPAs, as stated by IUCN, is to conserve the biological diversity and 
productivity of the oceans, including ecological life support systems. Moreover, MPAs may 
provide multiple benefits including conservation of biodiversity, especially critical habitats 
of threatened species, protection of attractive habitats and species on which sustainable 
tourism can be based, increased productivity of fisheries, contribute to increased 
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knowledge of marine science, a refuge for intensely exploited species, protection of 
genetic diversity of heavily exploited populations and protection of cultural diversity 
(Kelleher, 1999). 
 
Mathematical algorithms provide decision support to an efficient reserve system 
design through their ability to include ecological, spatial and socio-economic information 
and have significant potential as tools for systematic marine reserve design. They can 
incorporate spatially explicit data and concepts such as adjacent land and sea uses, 
boundary lengths, connectivity and minimum reserve size (Stewart et al., 2003). There are 
several algorithms available to solve the ‘‘minimum representation problem’’. Iterative 
heuristic algorithms order each site according to a set of criteria, and then choose the 
highest ranking site; another problem resolution method is to express it as an Integer 
Linear Program (ILP) (Possingham et al., 2000). However, heuristic methods generate 
only one solution and it is very unlikely to be the optimal one, and ILP formulation also 
provides only one final solution and fails when the number of potential sites is large (Leslie 
et al., 2003). Simulated annealing is based on iterative improvement with stochastic 
acceptance of suboptimal selection of sites, avoiding being prematurely hindered in a 
local minima (Ball and Possingham, 2000) and creating more opportunities to reach the 
global minimum (Leslie at al., 2003). This algorithm is based on the process of annealing 
metals or glass (Kirkpatrick et al., 1983) and consistently has outperformed simpler 
iterative or heuristic algorithms, such as the greedy and rarity-based selection algorithms 
(Possingham et al., 2000; McDonnell et al. 2002; Leslie et al., 2003; Stewart et al., 2003). 
Also, its use enables to incorporate spatial information explicitly and efficiently into the 
reserve selection process, unlike most reserve-siting algorithms that select a system of 
sites from those available without explicitly considering the spatial relationship among 
them (Possingham et al., 2000). 
 
To date there are two Marine Parks and eleven Marine Reserves in Tanzania, 
namely Mafia Island Marine Park (1995), The Dar-es-salaam Marine Reserves system 
(DMRs) comprising Bongoyo Island Marine Reserve, Mbudya Island Marine Reserve, 
Pangavini Marine Reserve and Fungu Yasini Marine Reserve, Maziwe Island Marine 
Reserve located in Pangani, gazetted in 1975. Other new established Marine Reserves 
under DMRs include Inner and Outer Makatumbe, Inner and Outer Sinda and Kendwa 
Islands (1987). More three Marine reserves including Shungimbili, Nyororo and Mbarakuni 
have been gazzetted in Mafia District (1987); there is also Chumbe Island Coral (1994), 
Menai Bay Conservation Area (1997), Misali Island Conservation Area (1998) and Mnazi 
30 
 
Bay-Ruvuma Estuary Marine Park (MBREMP), a multi-purpose marine protected area 
with globally significant marine biodiversity values, established in 2000 under the Marine 
Parks and Reserves Act nº 29 of Tanzania (1994) (Francis et al., 2002). A recent analysis 
of the whole Eastern African Marine Ecoregion (WWF, 2004) concluded that the Park area 
and neighbouring northern Mozambique form a site of Global Importance in terms of 
marine biodiversity; moreover the Mtwara-Quirimbas region was identified as Priority site 
(WWF, 2004). 
 
The goal of the MBREMP is to conserve a representative example of national and 
internationally significant and threatened marine biodiversity of the region, and to enable 
local community and other key stakeholders to participate in the protection, enjoyment 
and sustainable utilisation of marine and coastal resources for prosperity of present and 
future generations (MBREMP General Management Plan, 2005). MBREMP comprises 
marine, coastal and terrestrial habitats that include large areas of mangrove forests 
around the Ruvuma estuary, highly productive and undisturbed ecosystems such as 
estuary, coral reefs and seagrass beds and holds great diversity of marine life, including 
sea turtles and marine mammals. A large population of crab plovers (Dromas ardeola) has 
led to designating this area as an Important Bird Area (IBA 28). The Park has 11 villages 
within its boundaries with a population of approximately 30 000 people, most of them over 
rely on marine resources mainly from Mnazi Bay for their livelihood. Important economic 
activities comprise highly productive and diverse fisheries, coastal tourism and gas 
reserves. The Government and people of Mtwara region designated this area for a Marine 
Park since it contains good representative examples of all the marine habitats found along 
the shores of Eastern Africa. Nonetheless, the environment and resources in Mnazi Bay 
and Ruvuma Estuary seem to be under increasing pressure from overexploitation, 
destructive fishing practices, mangrove deforestation, up-stream pollution, coral mining in 
the buffer zones and other misuses that are degrading the coastal marine environment. 
 
The MBREMP General Management Plan (2005) aims to provide a strategic 
framework for long-term conservation of marine and coastal biodiversity and sustainable 
management of human activities, and it outlines plans to stimulate tourism, encourage 
sustainable fishing, eco-tourism and participatory conservation. This Plan includes an 
experimental zonation scheme, in which zones types were designated and mapped 
through a participatory zoning workshop based on recommendations contained in the 
Village Environmental Management Plans (VEMPs) as well as inputs from scientific 
assessments carried out in MBREMP. The Park comprises Core zones, Specified-use 
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zones and General-use zones. The definition of these zones was based on the biological 
and socio-economic information available; nonetheless the General Management Plan 
points that this specific zoning may need to be further evaluated and adjusted, especially 
the Core zones, which represent a compromise between the value of the habitats being 
protected and the opportunity costs of the stakeholders who will not be able to carry out 
their activities. 
 
Marine resources are critical to Tanzania’s economic and social development and 
support the livelihoods of coastal communities, who rely heavily on the sea for their 
livelihoods in terms of food and income (Jiddawi and Öhman, 2002; FANRM/MKK/MRAG, 
2003). Rural and urban development is placing pressure on these resources and on 
marine biological diversity and productivity and these threats will increase as coastal 
populations expand. TRANSMAP project aimed to develop scientific knowledge for the 
creation of transboundary networks of MPAs in the East African region; its study area 
included MBREMP and so there was a detailed biophysical characterization of the Park. 
This is an already established MPA, with an approved General Management Plan, but no 
systematic scientifical nor mathematial approaches have been undertaken to support the 
political and socio-economic decisions, although with obvious ecological and biological 
baselines as goals. There are some gaps in the basic information on which MBREMP 
design was based and there are few general references to what features were considered 
in the reserve design process that ultimately resulted in the established zonation scheme. 
On the other hand, a visual evaluation of the core zones may raise some issues regarding 
the MPA fragmentation and management efficiency, and again there is no indication in the 
General Management Plan if this question was considered. 
 
Thus this paper aims to compare both MPA established and “mathematical based” 
scenarios, to assess the eventual conflicts that arise from their different approaches, by 
analysing spatial and ecological differences, achieving a compromise between the 
decision already established and a scientific systematic approach, through a trade-off 
framework between ecological, political and socio-economic constraints. 
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Materials and Methods 
 
Planning area: 
The Mnazi Bay-Ruvuma Estuary Marine Park is located in Mtwara Rural District – 
Mtwara Region, Tanzania, between 10º 34’ 46”S 40º 16’ 13” E and 10º 34’ 25”S 10º 16’ 
02” and 10º 07’ 29”S 40º 28’ 10”E and 10º 09’ 28”S 40º 13’ 56”E and it covers an 
estimated area of 650 km2 of which 430 km2 is marine environment, islands and 
mangrove forest and the remainder 220 km2 is terrestrial (Figure 1). 
 
The zonation scheme of MBREMP consists of three types of zones (Figure 2): 
• Core zones – include all areas of the marine park that warrant both primary 
conservation status and that local resource-users can afford completely to renounce, 
referring essentially to areas relatively pristine, areas containing relatively high levels of 
locally representative biodiversity, areas considered to be important breeding or spawning 
grounds, important areas for the survival of locally rare or threatened species and areas of 
special cultural significance. Core zones have been designated to provide the highest 
level of protection covering significant areas of coral reefs, seagrass beds and 
mangroves. 
• Specified-use zones – include areas of the marine park that warrant 
primary conservation status but which are also important to local resource-users. In this 
zones some specific activities are permitted, as they encompass greater importance in 
sustaining the livelihoods of local communities. 
• General-use zones – intend to provide sustainable resource-use for 
MBREMP residents, thereby relieving resource-use pressure from zones with higher-level 
protection. 
 
Having as background the habitat type distribution and cover in MBREMP (Ferreira 
et al., 2008), a regular grid of planning units (PU) was created, with 1218 hexagons 
having 50 hectares. The habitat cover layer developed under TRANSMAP was as detailed 
as possible, based on a first stage on Landsat image classification, further improved 
working over satellite imagery provided by Google Earth (images from Digital Globe and 
Terra Matrix), tipically with very high spatial resolution (from 0.7 to 2 m) and local 
expertise, especially concerning coral reefs and intertidal habitats, in order to correct 
possible major incongruences. The charismatic fauna considered comprised coelacanth 
(Latimeria chalumnae) potential habitat, based on the preferential bathymetric range of 
the species within the continental shelf (90-200 m), areas of the highest abundance of 
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dolphins and whales and nesting sites for marine turtles, both based on expert and local 
knowledge (Figure 1). Table 1 summarizes the conservation features considered, as well 
as their total area in MBREMP and the area comprised within the established Core zones. 
 
 
Table 1. Conservation features considered and their total area within MBREMP. 
 
 
Conservation Feature Total Area (ha) Area within Core Zones (ha)
Coelacanth potential habitat 5400.743 734.550
Coral reef 2268.201 494.577
Estuarine waters 890.550 204.127
Intertidal mixed habitats 1091.650 106.454
Mangroves 6065.472 2373.246
Marine mammals 6253.436 438.259
Marine turtles 83.642 45.958
Marine waters 26638.092 2965.538
Mud and sand flats 11643.765 2397.681
Sandy shores 570.961 77.607
Seagrass and Algal beds 2147.402 534.248
Terrestrial habitats 9583.908 796.524
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Figure 1. Mnazi Bay Ruvuma Estuary Marine Park localization, with habitat cover and charismatic 
fauna distribution. 
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Figure 2. Established zonation scheme and important fishing areas within MBREMP. 
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Reserve design problem: 
The minimum representation problem was formulated by Possingham et al. (2000) 
and by McDonnell et al. (2002) comprising two objectives that have to be counterbalanced 
against each other: to minimize both reserve system area and boundary length. The 
Objective Function used seeks to minimize a linear combination of site costs and reserve 
system boundary length, weighted by a Boundary Length Modifier factor (BLM), subject to 
a set of constraints that ensure that the target for each conservation feature is met. This 
formulation is nonlinear, because the “cost” of adding a site to the reserve system 
depends on which other sites are already reserved and on the spatial relationships 
between candidate sites and those already reserved (McDonnell et al., 2002). 
 
Marxan (Ball and Possingham, 2000) is a software that delivers decision support 
for reserve system design (Game and Grantham, 2008). The objective of achieving some 
minimum representation of biodiversity features for the smallest possible cost is to 
minimize final reserve system costs while maximazing biodiversity is perceived as a 
constraint (Possingham et al., 2000). Marxan applies simulated annealing, a mathematical 
algorithm that starts by generating a completely random reserve system and iteratively 
explores trial solutions by making sequential random changes to this system. At each 
step, the new solution is compared with the previous solution, and the best one is 
accepted (Possingham et al., 2000). The best solution is the one that has the lower cost, 
or the Marxan run with the lowest score. As the algorithm will try to minimize the overall 
reserve system cost, it will be less “willing” to include more expensive planning units in the 
reserve system that do not contribute to the objective function or target achievement, and 
will try to find a “more economical” solution to the reserve system problem. 
 
Exploratory analysis: 
Much of the Marxan utilization requires a lot of experimentation before we can be 
confident it is delivering reasonable solutions; ideally at this step portfolios should 
consider each parameter in a stepwise and systematic manner. However, this can be 
challenging as parameters are not independent of each other. Moreover, all the 
parameters must be carefully considered and selected so that Marxan is set to run 
efficiently (Game and Grantham, 2008). To produce the needed input for each required 
portfolio and to better explore Marxan outputs, we coded the statistical software R (R 
Development Core Team, 2008) and Spatial SQL capabilities of Manifold GIS (CDA 
international 2008) to make Marxan run portfolios iteratively by varying all the parameters 
automatically, in a factorial crossed design. By varying all combinations of parameters 
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with this approach, Marxan produced several different reserve configurations which were 
graphically and spatially displayed using R (maptools package – Lewin-Koh et al., 2008) 
and Manifold GIS. The R-Manifold-Marxan solution replaces the need of Marxan CLUZ 
interface for Arcview 3.x (an ESRI discontinued GIS solution) and relies on specific 
scripting and a modern GIS platform. 
 
Planning scenarios: 
Marxan was used to produce a number of reserve system configurations. Targets 
to priority habitats (mangroves, seagrass and algal beds and coral reefs) were set to 30% 
of total available area in MBREMP, while the remaining habitats were set to 10%, 
including charismatic fauna; terrestrial habitats target was set to 0% in all scenarios. All 
Marxan portfolios were performed using 500 Runs and 50 000 000 Interactions. A “strict 
ecological” scenario with BLM 1 was produced as a surrogate for a “pure” unconstrained 
biophysical analysis, where the algorithm tries to minimize both area and boundary lenght 
of the reserve system, as both costs are considered in the analysis, while meeting all the 
pre-set targets. In order to examine the efficiency of the established Core zones, two 
portfolios were set up, considering status 0 for the planning units within those zones. 
Portfolios were conducted giving these sub-set of planning units 51% or 95% probability of 
being included in the final reserve system (I and II), and the boundary between them was 
increased. This “obliged” Marxan to evaluate and include these planning units only if they 
significantly improve the final scenario, and simultaneously avoiding a “seed effect” 
around these Core zones into the analysis. These scenarios will mimic the established 
MBREMP zoning scheme. Moreover, in order to incorporate information from fishing 
activities into Marxan scenario the planning units within MBREMP fishing grounds 
(MBREMP General Management Plan, 2005) (Figure 2) were given a significantly higher 
cost, in contrast with what was done in the previous runs, where all planning units were 
set to have cost 1. 
 
Thus three different portfolios were generated to be compared to the established 
zonning scheme: i) a biophysical spatially cohesive scenario (BLM 1); ii) an integrative 
approach, including the exiting zoning scheme (I and II); and iii) a socio-economic 
scenario, accounting for important fishing areas in MBREMP. For these different 
scenarios Marxan “best solution” and “summed solution” outputs were explored and 
mapped, using a common legend for planning units selection frequency classification 
providing a better graphical comparison. This last output provides an indication of how 
useful each planning unit is for creating an efficient reserve system. A map of summed 
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solution output across the planning region can be viewed rather like a map of 
conservation priority (Game and Grantham, 2008). Exploring even further the developed 
R-Manifold-Marxan solution, we scripted several other functions to produce different 
outputs to perform systematic exploratory and spatial analysis of Marxan outputs. 
 
 
 
 
Results 
 
Using Boundary length modifier 1 to produce a spatially cohesive reserve design 
for the considered set of conservation features shows that the established Core zones 
may not be the most important consevation areas in MBREMP, as the planning units 
within these areas are not the most frequently selected by the algorithm. There is a patch 
of highly selected plannig units in the northern extreme of the Park that is exactly between 
the two established Core zones in this area (Figure 3A). It is also clear that the fishing 
areas are frequently selected, suggesting that they also hold high conservation potential. 
When setting status 0 to planning units within Core zones and giving them a higher 
probability of being included in the final reserve system, Marxan “summed solution” and 
“best” outputs show very similar reserve configurations to both 50 and 95% probabilities, 
however with slightly different planning unit frequency selection between them (Figure 
3B). In both scenarios it is clear that some of the established Core zones coincide with 
some of the most frequently selected areas by the algorithm, although it was intentionally 
constrained to include these planning units. When setting a higher cost only for planning 
units within fishing areas, the algorithm was intentionally forced to avoid them into the 
reserve configuration. However a small area in the SE region of MBREMP was included in 
the final reserve system, indicating that it comprises important conservation areas. 
Besides this area the most frequently selected planning units were those in both 
geographical extremes of the Marine Park (Figure 3C). 
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Figure 3. Different reserve configurations produced by the Marxan-R-GIS solution: i) unconstrained 
biophysical scenario using BLM 1 (A); ii) scenarios accountig for the existing zonation scheme, 
giving the planning units within Core zones a probability of 51% (I) and 95% (II) of being included in 
the final reserve system (B); iii) scenario including important fishing areas in the Park, giving the 
planning units within these areas a higher cost (C). Both “best” and “summed solution” Marxan 
outputs are displayed with planning unit selection frequency. 
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Figure 4 shows several outputs for each final scenario that are grafically 
expressed using the R-Marxan interface. The first graph shows that variation of targets 
held vs planning unit selection frequency ranges from 0 to about 300 times for both B 
scenarios and from 0 to 500 times to A and C scenarios; also the targets of two 
conservation features are only held when selection frequency is very low (below 50 
times). The second graph shows the distribution of the selection frequency; for the three 
scenarios there are many planning units that are never selected into the reserve system, 
markedly when fishing areas information is integrated. On the other hand, there are some 
peaks of higher selection frequency that should match the planning units selected for 
“best” Marxan output. The last graph shows the score variation to the 500 runs with 50 
million interactions for each scenario. There are no notable differences between B 
scenarios, both showing similar reserve system mean “cost” and variation; in the C 
scenario the mean “cost” is 15 times larger than in the previous ones and there is also a 
larger score variation, as is also the case with A scenario, that has the largest score 
variation. 
 
Figure 5 shows the variation of area held with planning unit selection frequency for 
the three priority conservation features, for the “summed solution” output. It is clear that 
conservation features targets are assured when PU selection frequency is relatively high. 
In A scenario almost all conservation features targets are held below 300 PU selection 
frequency; again both B scenarios show very similar outputs, while in C scenario the PU 
selection frequency is raised in order to achieve all pre-set targets. However mangroves 
target is completely assured only with very low selection frequency. Nonetheless, all 
targets are met in the “best” output. Conversely, when considering fishing areas 
information the algorithm marginally fails to meet the target set to seagrasses and algal 
beds. 
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Figure 4. Different graphs produced with the exploratory analysis on Marxan outputs to each 
scenario: Variation of targets held with PU selection frequency; Distribution of the PU selection 
frequency; and Score variation to the 500 runs performed (from left to right). 
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Figure 5. Variation of area held with PU selection frequency for coral reef, mangroves and 
seagrass and algal beds. 
 
 
Figure 6 represents the cumulative percentage of area held for each conservation 
feature; the PU selection frequency was divided into quartiles (<25, 50, 75 and >75%) and 
shaded accordingly. For almost all conservation features the pre-set targets are attained 
within the first or second quartile, i. e. with PU selection frequency above 50%, but sandy 
shores and seagrass and algal beds only achive their targets in the third quartile and 
mangroves and estuarine waters targets are only entirely held with very low selection 
frequencies. In other words, almost all the pre-set targets are achieved with high planning 
unit selection frequency, and to those targets that are only held in the last quartiles low 
frequently selected planning units are required. This behaviour is common to both B and 
C scenarios, although there is a slight upward reallocation of the quartile in wich the 
targets are met in C scenario. 
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Figure 6. Cumulative percentage of area held for each conservation feature, divided into quartiles 
(<25, 50, 75 and >75%) and shaded accordingly. 
 
When comparing the area held within Core zones with the targets we set for each 
conservation feature considered, we set considerably higher conservation objectives for 
coral reef, marine mammals and seagrass and algal beds, although our target to 
mangroves was 1.3 lower than the area already included within Core zones. Table 2 lists 
the area held for each conservation feature with varying values of PU selection frequency, 
and compares this values with their pre-set targets. Although A scenario is a spatially 
cohesive and unconstrained analysis, the algorithm fails to meet some targets, namely 
coelacanth potential habitat and seagrass and algal beds. There is a significant increase 
in area held between 40 and 50% and between 50 and 60% selection frequency. In B II 
scenario (95% probability) there is almost no difference between areas held when varying 
selection frequency, all targets being met even at a selection frequency of 60%. When 
considering 60, 50 or 40% of selection frequency in C scenario the area held does not 
show a significant variation; moreover, even with a selection frequency over 60% almost 
all conservation features show higher area held than their targets. 
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Table 2. Area held for each conservation feature with different values of PU selection frequency 
and comparison with their pre-set targets in terms of percentage. 
  
 
 
 
 
Discussion 
 
MPAs can effectively contribute to the sustainable development of coastal and 
marine areas and their interests should be fully incorporated into the institutional, legal 
and management frameworks for coastal and ocean areas (Cicin-Sain and Belfiore, 
2005). Many of the MPAs in Eastern Africa lack the minimum features needed to ensure 
effective management, although countries in the region recognize the urgent need for 
better and more effective management of coastal and marine resources, in order to 
B II
Coelacanth potential habitat 585.424 585.424 588.237 540.074 108.4 108.4 108.9
Coral reef 946.695 947.026 947.026 680.460 139.1 139.2 139.2
Estuarine waters 104.948 104.948 104.948 89.055 117.8 117.8 117.8
Intertidal mixed habitats 864.095 864.095 864.095 109.165 791.5 791.5 791.5
Mangroves 1809.776 1862.452 1862.452 1819.642 99.5 102.4 102.4
Marine mammals 637.702 637.702 637.702 625.344 102.0 102.0 102.0
Marine turtles 31.437 31.437 31.437 8.364 375.8 375.8 375.8
Marine waters 2674.219 2723.888 2773.888 2663.809 100.4 102.3 104.1
Mud and sand flats 2276.597 2289.226 2289.226 1164.376 195.5 196.6 196.6
Sandy shores 62.872 62.872 62.872 57.096 110.1 110.1 110.1
Seagrass and Algal beds 643.285 643.285 643.285 644.221 99.9 99.9 99.9
Percentage of Area held   vs 
TargetConservation features
Area (ha) 60% PU 
frequency
Area (ha) 50% PU 
frequency
Area (ha) 40% PU 
frequency Target (ha)
A
Coelacanth potential habitat 0.000 0.000 0.000 540.074 0.0 0.0 0.0
Coral reef 1337.902 594.287 0.000 680.460 196.6 87.3 0.0
Estuarine waters 96.525 96.525 43.748 89.055 108.4 108.4 49.1
Intertidal mixed habitats 844.237 133.349 0.000 109.165 773.4 122.2 0.0
Mangroves 3091.020 1782.812 624.186 1819.642 169.9 98.0 34.3
Marine mammals 904.173 617.041 124.235 625.344 144.6 98.7 19.9
Marine turtles 62.929 49.502 7.249 8.364 752.4 591.8 86.7
Marine waters 6485.264 2343.586 154.089 2663.809 243.5 88.0 5.8
Mud and sand flats 5085.290 1554.680 247.859 1164.376 436.7 133.5 21.3
Sandy shores 279.826 167.679 7.703 57.096 490.1 293.7 13.5
Seagrass and Algal beds 1442.340 408.662 0.000 644.221 223.9 63.4 0.0
Percentage of Area held   vs 
TargetConservation features
Area (ha) 60% PU 
frequency
Area (ha) 50% PU 
frequency
Area (ha) 40% PU 
frequency Target (ha)
C
Coelacanth potential habitat 588.237 585.424 585.424 540.074 108.9 108.4 108.4
Coral reef 947.026 947.026 946.695 680.460 139.2 139.2 139.1
Estuarine waters 104.948 104.948 104.948 89.055 117.8 117.8 117.8
Intertidal mixed habitats 864.095 864.095 864.095 109.165 791.5 791.5 791.5
Mangroves 1862.452 1862.452 1809.776 1819.642 102.4 102.4 99.5
Marine mammals 637.702 637.702 637.702 625.344 102.0 102.0 102.0
Marine turtles 31.437 31.437 31.437 8.364 375.8 375.8 375.8
Marine waters 2773.888 2723.888 2674.219 2663.809 104.1 102.3 100.4
Mud and sand flats 2289.226 2289.226 2276.597 1164.376 196.6 196.6 195.5
Sandy shores 62.872 62.872 62.872 57.096 110.1 110.1 110.1
Seagrass and Algal beds 643.285 643.285 643.285 644.221 99.9 99.9 99.9
Percentage of Area held   vs 
TargetTarget (ha)
Area (ha) 40% PU 
frequency
Area (ha) 50% PU 
frequency
Area (ha) 60% PU 
frequencyConservation features
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improve people quality of life, sustain national economies and preserve these ecosystems’ 
productivity and diversity (Francis et al., 2002). 
 
The final reserve system configurations produced indicate that the established 
Core zones may not be the most important conservation areas within MBREMP for the 
consevation features considered, as these areas are not the most frequently selected 
when the algorithm was not constrained by the existing zonation scheme; moreover, even 
when these areas were given a higher probability of being included in the final reserve 
system the established Core zones were not amongst the most frequently selected areas. 
Key ecological sites may lie outside MPA boundaries if its designation was originally 
driven by socio-economic or political factors, but it may be feasible to change this with 
relatively minor alterations; on the other hand, it is essential to preserve ecosystems that 
can withstand damaging impacts and areas of high biodiversity that have been degraded, 
to enable them to recover (IUCN, 2004). MBREMP fishing areas are almost entirely 
included in the Specified-use Zones but it is also clear from our scenarios that they hold 
high conservation potential as well. Francis et al. (2002) point out that most MPA zonation 
schemes in Eastern African region have been developed after the establishment of the 
MPA, resulting in frequent conflicts between MPA management and local stakeholders, 
particularly with fishermen. Thus this is a critical issue concerning a zonation scheme 
effectiveness. A further subsequent assessment may conclude that an MPA is poorly 
located, or inappropriate in size or shape to achieve its objectives (Wells and Mangubhai, 
2005). For MBREMP there are several issues that can invalidate or diminish the MPA 
effectiveness and as the established zonation scheme was established on an 
experimental basis, we emphasize that a further more detailed evaluation should be 
performed, in order to spatially adjust or modify some of these areas. Moreover, 
management frameworks and strategies should be improved and based on long-term 
perspectives, as the costal and marine environment is constantly evolving and being 
altered by human activities, and as new information arises.  
 
Systematic approaches vary, but they commonly adopt a regional, multi-feature 
perspective that is flexible, efficient, i.e. minimizing the number of sites required while 
maximizing the number of features conserved, and transparent, i.e., an explicit 
methodology in which the steps and decisions can be re-traced (Vanderkam et al., 2007). 
Several new approaches were performed in this work that provided a more 
comprehensive view to the MPA design. Based on the exploratory analysis on Marxan 
outputs, we can affirm that the “summed solution” output can provide significant 
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information to evaluate the reserve design. When considering the planning unit selection 
frequency as an indicator to set a cut-point for the achievement of conservation feature’s 
targets under controled conditions, we can comfortably state that frequencies above 50% 
are “well sufficient” to meet the global targets considered. Even when the algorithm is 
constrained by additional factors (B and C scenarios) almost every pre-set targets are met 
or exceeded as the planning units are selected more than 50% of total selection 
frequency. Altough there are some issues concerning it’s usefulness, as there is not a 
critical absolute value to decide how often a planning unit is selected is “good enough”, 
the selection frequency output is perhaps the most commonly used of the Marxan output 
files and the most commonly displayed (Ardron et al., 2008). According to Fischer and 
Church (2005) the “summed solution” approach is an unsystematic approach to modelling 
the robustness of the solution, although it is broadly used (e.g. Leslie et al., 2003; Stewart 
and Possingham, 2003; Stewart et al., 2003; Stewart and Possingham, 2005; Richardson 
et al., 2006; Klein et al., 2008). Nevertheless, Marxan calculates this concept of 
“irreplaceability” using a sample of reserve solutions, each of which are efficient relative to 
the design objectives (Carwardine et al., 2007). In this sense, the summed solution does 
not equal “irreplaceability” in the strictest sense, but it is literally a measure of a unit’s 
frequency of selection under a certain set of constraints (Ardron et al., 2008). The 
descriptive statistics and spatial analysis performed using this output shows that many 
levels of information can be derived from it, and, if properly manipulated, can provide 
usefull knowledge to MPA design. The development of suplementary outputs provided us 
with a more detailed analysis of the selected planning units importance for each 
conservation feature individually. Moreover, the “summed solution” output gathers 
information relative to all Marxan runs performed, while the “best” output only displays the 
spatial configuration of the lowest score run. 
 
Marxan has been successfully used in several studies, not only on theoretical 
exploratory approaches, but also on existing MPAs frameworks, including socio-economic 
and spatial data, in order to identify priority areas in Gulf of Mexico (Beck and Odaya, 
2001) and South Australia (Stewart and Possingham, 2003; Stewart and Possingham, 
2005), identifying potential networks of marine reserves such as Florida Keys National 
Marine Sanctuary (USA) (Leslie et al., 2003), identifying essential fish habitats in eastern 
continental shelf of USA (Cook and Auster, 2005), exploring the effect of fine-resolution 
economic data in reserve design in Wales (Richardson et al., 2006), and even minimizing 
the impact of large-scale coral bleaching events on a reserve system for the Great Barrier 
Reef, Australia (Game et al., 2008), proving its ability as a reserve design tool and its 
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broad aplicability in different aspects of conservation planning. The statistical scripting and 
GIS solution developed here shows how versatile and flexible interpretation of Marxan 
outputs can be, providing several levels of relevant information for reserve design 
configuration. 
 
The environment in Mnazi Bay and Ruvuma Estuary is in a relatively better 
condition when compared to other sites in Tanzania (Muhando et al., 1999) and MPA 
management capacity has significantly increased over the last years (Wells et al., 2007). 
Nonetheless, experience has shown that declaring or gazetting an MPA is not enough, but 
its long-term success relies on effective management and demostrantion of its usefulness 
as a conservation and management tool within local, national and regional context (Wells 
and Mangubhai, 2005). Despite being an established conservation area, there are still 
some troubling issues concerning local communities compliance and participation in 
MBREMP, as people widely depend on coastal and marine resources for their 
subsistence and livelihoods. MPA activities must be able to enhance and improve local 
economies and facilitate participatory and accountable management of MBREMP 
(Muhando et al., 1999). Conflits relating to conservation and animal protection, fishing 
activities, tourism, seaweed farming, agriculture, urbanization, among others, have been 
reported in several coastal areas in Tanzania (Masalu, 2000). Most MPAs in the Western 
Indian Ocean have objectives that relate to social, cultural and economic issues, mainly in 
terms of improving livelihoods of local communities and providing national economic 
benefits, and also the promotion of tourism and recreation (IUCN, 2004). The challenge 
these issues arise is not to eliminate human activities but instead how to manage them 
appropriately, while maintaining essential ecological processes, life support systems and 
biological diversity (Cicin-Sain and Belfiore, 2005). While MBREMP is an established 
MPA, and being this region considered to be globally important in terms of biodiversity, 
there is profuse on-going research both in Tanzania and in neighbouring Mozambique, 
namely efforts to establish a Transfrontier Conservation Area (TFCA), congregating 
MBREMP and the emerging Reserva Nacional de Palma, with inputs from the 
TRANSMAP project. 
 
It is progressively clearer that governments and stakeholders lack the necessary 
tools to make an ecosystem approach operational in the marine environment, mainly 
regarding cross-sectoral integration and explicit guidance that allows harmonizing 
conservation and sustainable use of natural resources (Douvere, 2008). An integrated 
management of coastal areas is the foundation for sustainable development and the local 
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coastal communities should be involved in planning, decision, and implementation of all 
coastal area issues (Masalu, 2000). The conservation and sustainable development of the 
marine environment is an issue of pressing global concern, and the fundamental 
problematics of marine protected areas design will ultimately be the acknowledgment that 
it is compulsory to find a balance between political and socio-economic issues and 
ecological and nature conservation principles. 
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Final Considerations
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The ocean and coastal activities are essential for the economic and social well-
being of coastal nations, as they typically represent the backbone of the national economy 
and the major sources of livelihood of coastal communities. This is especially the case in 
many developing countries where typically the basis of local coastal communities relies on 
the exploitation of the resources of coasts and the ocean. The challenge, therefore, is not 
to eliminate these activities but instead how to manage them in an appropriate manner 
while preserving essential ecological processes, life support systems and biological 
diversity (Cicin-Sain & Belfiore, 2005). Two economic sectors, in particular, benefit from 
MPAs and demonstrate how MPAs can help to alleviate poverty: fisheries and tourism. 
There is a growing body of evidence that MPAs can generate substantial income through 
tourism, and potentially play a major role in the recovery of over-exploited fisheries (IUCN, 
2004). 
 
It is now widely accepted that MPAs in their various guises are one of the most 
effective ways of protecting marine biodiversity and can also serve as a vital management 
tool for coastal fisheries. The latter is particularly relevant in the Western Indian Ocean, 
where coastal people still widely depend on marine resources for their subsistence and 
livelihoods (IUCN, 2004). Francis et al. (2002) point out that most MPA zonation schemes 
in Eastern African region have been developed after the establishment of the MPA, 
resulting in frequent conflicts between MPA management and local stakeholders, 
particularly with fishermen. Thus management frameworks and strategies should be 
improved and based on long-term perspectives, as the costal and marine environment is 
constantly evolving and being altered by human activities and as new information arises.  
 
The scientific paper presented here for MBREMP pointed that there are several 
issues that can invalidate or diminish the MPA effectiveness, and as the zonation sheme 
was established on an experimental basis, we concluded that a further more detailed 
evaluation should be performed, in order to spatially adjust or modify some of these areas. 
A systematic approach, even if performed subsequently to the establishment of an MPA, 
can reveal that it is inappropriate, or that may not be properly located to attain the initial 
objectives it was firstly designed to. However, some minor alterations can prove to 
significantly improve an MPA efectiveness. 
 
A functioning network of MPAs will benefit development in countries along the 
Eastern coast of Africa by significantly enhancing the productivity of waters in the region 
and maintaining viable stocks of living resources that can be harvested in a sustainable 
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manner. For the human communities along the coast of East Africa better functioning 
networks of marine parks and reserves will also provide a number of additional benefits, 
such as the impact it might have on tourism. Simultaneously this may provide an 
opportunity to eliminate some of the pressure from marine resources by reducing 
dependence and levels of extraction. 
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